Résumé. 2014 Abstract. 2014 We have measured bulk magnetization, neutron magnetic scattering and specific heat between 1.5 and 300 K of mixed uranium-thorium monosulphides (UxTh1-x)S with large uranium concentrations (x ~ 0.20). Long-range ferromagnetic order is observed at low temperature for 0.43 x ~ 1, but no long-range magnetic order occurs for x 0.43. Magnetization and Curie temperature decrease linearly with uranium content. The electronic specific heat is maximum at the critical concentration xc = 0.43. Our experiments failed to reveal Schottky anomalies in specific heat or crystal-field levels by inelastic neutron scattering. Our results favour a band description rather than a localised description for uranium 5f electrons.
1. Introduction. -Uranium and thorium monosulphides (US and ThS) have at room temperature the NaCI crystalline structure [1] and a metallic electrical conductivity [2] . While ThS shows a small temperature independent paramagnetism [3] , US is ferromagnetic below 178 K [4] . The precise study of the magnetic form factor of US by neutron diffraction techniques [5] has shown that the uranium magnetic moment is mostly due to the existence of unfilled 5f orbitals; but the electronic structure of these orbitals
is not yet well understood.
The magnetic properties of the metallic actinide compounds have usually been interpreted in terms of localized 5f configuration. In particular, GrunzweigGenossar et al. [6] have explained the values of the magnetic moments and Curie temperatures and the nature of the magnetic order in the uranium pnictides and chalcogenides by attributing the 5f configuration to the uranium ion in all these compounds.
However, in the case of US, this localized description of the 5f shell is apparently in contradiction with the strong electronic specific heat [7] , band calculations [8] and photo-emission measurements [9] , all three of which suggest narrow 5f-6d bands crossing the Fermi level.
To improve our understanding of the electronic structure of US, we have studied the solid solution (UxTh1-x)S, the existence of which was known by the works of Shalek [10] and of Cater et al. [11] .
The purposes of this study were :
(1) To test the model of Grunzweig-Genossar et al. [6] : effectively, by alloying uranium sulphide with thorium sulphide one should diminish the exchange field while keeping the crystalline field roughly constant.
(2) To test the band nature of the 5f electrons in these alloys by measuring the electronic specific heat.
(3) To look for crystal field levels by inelastic neutron scattering, and by numerical analysis of the specific heat.
Allbutt et al. [4] and Chechernikov et al. [13] have already examined the magnetic properties of this solid solution between 80 and 300 K. Also, Tetenbaum [2] has measured some transport properties between 300 and 1 300 K. Fisk and Coles [12] explained his results by the filling-up of a 5f band. We should note that the (UxTh1-x)S samples of Allbutt et al. [4] all showed a ferromagnetic transition at 178 K; this was attributed to ferromagnetic clusters, and in consequence these authors did not analyse their results.
We report here on the specific heat measurements (already partly presented [14] ), magnetization curves in the ferromagnetic state, and neutron scattering. This follows the measurements of electrical resistivity and magnetic susceptibility, previously published [14, 15] .
2. Electronic properties of actinide monosulphides.
-
The valence states of the actinide monosulphides are mostly constructed with the 7s, 6d, 5f wave functions of the metal atom and with the 3p and perhaps 3s wave functions of the sulphur atom. The overlap of these orbitals leads to the formation of several bands crossing the Fermi level.
2.1 BAND STRUCTURE. - The only actinide sulphide for which band calculations have been made is the uranium monosulphide US in its paramagnetic state [8, 16] .
The calculations of H. L. Davis [8] , by the KorringaKohn-Rostoker method seem to be a reasonable approach of the band structure of this compound.
These calculations are non self-consistent, non relativistic (spin-orbit coupling on 5f states is about 0.7 eV [17] ), and neglect the, strong correlations between 5f electrons. However, the results are in qualitative agreement with experimental observations, especially photoemission [9] . One can therefore propose the following band scheme (see Fig. 1 ) :
-US has a metallic conductivity. -There is a full band about 4 eV wide containing 6 states mostly from the sulphur 3p shell but showing some 6d-5f character on the uranium site. This gives rise to the covalent character of the compound.
-There is a full band at low energy containing the 3s states of sulphur which play little role in the bonding.
-The uranium 7s band is nearly empty.
The conduction bands are mostly formed with very hybridized 6d and 5f uranium states : the density of states at the Fermi level is thus very high. The occupation number of the 5f states is between 2 and 3.
It is interesting to compare the 5f band width calculated by Davis on US (E &#x3E; 1 eV) with the 4f band width that the same author has calculated by the FIG. l. -Schematic band structure of ThS and US.
same method for samarium and gadolinium compounds (E ~--0.05 eV) [18] : the difference is partly due to the greater radial extent of the 5wave function, but also to the fact that the 5f states have the same energy as the 6d, 7s and 3p, favouring an enlargement by hybridization.
Of course these band calculations neglect the interatomic Coulomb correlations which tend to maintain an integer occupation number of 5f electrons on each uranium site. This was discussed in the case of the uranium carbides and nitrides [19] . As for these compounds, it seems that the real description is half way between the two conventional ones : localized 5f electrons and itinerant 5f electrons.
The thorium sulphide band structure must have great resemblance to the US one, with the exception that the 5f states are unoccupied. In ThS, the absence of 5f states at the Fermi level is confirmed by the small value of the magnetic susceptibility (32 x 10 -6 emu/mole [3] ) and of the electronic specific heat [14, 20] which corresponds to an apparent density of states at the Fermi level of 0.8 states/eV/Th atom/spin (1.6 per Th atom). One can then propose for ThS a band structure (see Fig. 1 -The electrical resistivity [2, 15] has a metallic character and increases linearly between 100 and 1 000 K.
-The thermoelectric power [2] [6] , and even 5f4 [23] have been proposed (see compilation by Kuznietz [24] ). The existence of the 5f' configuration seems unlikely because the valence 2 has never been encountered in the uranium ionic compounds.
In a study of the magnetic form factor of US by neutron scattering, Wedgwood [5] has shown that the best fit with the experimental results is given by a 5f 2 configuration with combined crystal field and exchange field effects, as suggested by GrunzweigGenossar et al. [6] . However this study only tested a limited number of simple localized models.
Another estimation of the effective valence can be made by analyzing the value of the lattice parameter. Using ionic radii as they justified for rare earth monosulphides (despite the metallic conductivity), Allbutt and Dell [25] and Grunzweig-Genossar et al. [6] find a valence near 4 for U in US.
In conclusion, it seems reasonable to estimate the 5f occupation number as being 2 ± 0.5. This value may be fractional as shown by the irregular variation of the lattice parameters with the atomic number from ThS to AmS [26, 27] , similar to that of the carbides and nitrides [28] . Fractional 5f occupation numbers (due to narrow bands or virtual bound states or interconfiguration fluctuations) have already been suggested by Fisk and Coles [12] for the U(P 1 _ xSx) and (UxTh1-x)S solid solutions, and by de Novion and Costa [19] for U(C1 _xNx). [4] ), US is a simple ferromagnet. The para-ferromagnetic transition is probably of the 2nd kind and is followed by a rhombohedral distortion [29] , magnetodilatation [29] , and anomalies of specific heat [7] , electrical resistivity [15, [30] [31] [32] and thermoelectric power [31] .
In the ferromagnetic state the moments, localized on the uranium ion, are parallel to the I I I &#x3E; axis of the rhombohedral cell. [36] .
The hyperfine field at the uranium nucleus in ferromagnetic US has been measured at 4.2 K by 238U Mossbauer spectroscopy; it unfortunately cannot distinguish between 5f 2 and 5f 3 configurations [22] .
2. 3. 2 Transport properties. - The electrical resistivity [15, [30] [31] [32] , thermoelectric power [31] and Hall effect [32] depend mostly on the magnetic behaviour of US and cannot easily be related to the band structure.
The positive Hall constant measured by Griveau (1971, unpublished) between 320 and 550 K, can be analyzed in the following form, theoretically justified for ferromagnets [37] :
where p is the electrical resistivity of the same sample [15] , and x the magnetic susceptibility [35] . The On the other hand, Grunzweig-Genossar et al. [6] have supposed a 5f2 (J = 4) configuration : the fundamental level is a singlet T1, and the first excited one a triplet r 4' The magnetic order is induced at low temperature when the exchange field is bigger than the crystal field. From the knowledge of the Curie temperature and of the ordered moment, they deduce the energy of the excited levels (T4 is at 430 K from T1) and the value of the exchange field. These values are consistent with the magnetic entropy [41] .
If one compares these two localized models, it is obvious that the 5f Z model predicts excited levels of the uranium ion between 400 and 1 100 K; these should give rise to departures from the Curie-Weiss law which are not observed [35] . On the other hand the 5f 4 model is in contradiction with the analysis of interatomic distance (cf. § 2.2) and with the values of the aspherical components of the neutron scattering magnetic form factor [5] . 2. 4 PREVIOUS RESULTS ON MIXED (UxTh1 1 _ x) S MONO-SULPHIDES. - The magnetic susceptibility results of Griveau et al. [15] have shown that the paramagnetic moment per uranium atom remains constant (2.3 IlB) for x = 0.8 and 0.6. This value is also found in the dilute uranium region (x 0.15) [44] .
The Curie temperature determined from magnetic susceptibility and electrical resistivity measurements [15] (see Fig. 9 [40] . At very low temperature (1.5-100 K) the precision is about 1 % ; at higher temperature (100-300 K) it is somewhat less (2 to 3 %). [15] .
The dependence of the lattice parameter with composition, as measured by these authors (see table I ) nearly follows Vegard's law, and is quite different from those obtained by Chechernikov et al. [13] . The results of the latter authors are probably due to a change in the U/(U + Th) ratio during the treatment at very high temperature [15] . The uranium to thorium atomic ratio were determined by electron microprobe analysis which also confirmed the homogeneity of the alloys on a scale of 10 -4 cm. [45] . The nitrogen content is small (N/S ~ 0.3 % atomic) [15] and most of the oxygen is present in a 2 % ThOS second phase as determined by X-ray [15] [34] . In this case, above the coercive field Hc, the magnetization state consists of domains magnetized along the nearest ( 111 ) axis to the field direction, and one calculates a bulk magnetization which is 86 % of the saturation value [46] . We have thus divided our data by 0.86.
The saturation magnetic moments, obtained after making the three corrections described above, are given in table II. The validity of our procedure is shown by the moment value for US, 1.59 MB, which is quite near that measured by Gardner on the easy magnetization axis of a single crystal [34] . The moments of the mixed sulphides could be slightly underestimated : for x = 0.82 because of the strong coercive field, and for x = 0.61 because the ferroparamagnetic transition is rather spread in temperature, and the decrease of magnetization between 0 and 20 K is probably bigger than the 3 % estimated above. In any case, for both samples, the error must be smaller than 5 %. [48] . They are reported in table III, together with the values obtained from electrical resistivity [15, 30] and specific heat measurements [7, 14] (see also § 9). [56] that the 3d density of states in Ni-Cu alloys resembles a mixture of those of the two pure metals.
The most correct simple picture of the electronic structure of (UxTh 1 _ x)S alloys consists then of interacting 5f virtual bound states on uranium atoms. Assuming a non-magnetic picture for dilute uranium in ThS, as suggested in the beginning of § 7, the occurrence of localized moments in (U xTh1-x)S should be extremely sensitive to the chemical and (/or) magnetic environment of each uranium atom.
It is now well known that the threshold of a localized magnetic moment on a transition metal atom diluted in a non-magnetic matrix alloy depends in a crucial way on the chemical nature of its environment [57, 58] . From a theoretical point of view, this local environment determines a local electronic density of states, i.e. the width and energy of the 3d virtual bound state, and the possible occurrence of a localized magnetic moment [75] .
Such chemical environment models have been later extended to the appearance of magnetic moments in concentrated alloys, especially vanadium in Au-V alloys [59] and nickel in Ni-Cu alloys [60] . But [7] is also represented on this figure. The (Fig. 4) Fig. 5 ) has been often encountered in nearly ferromagnetic metallic solid solutions : Ni-Cu [62] , Fe-V [64] , Ni-Rh [65] but not in Pd-Ni [63] .
Two models have been invoked to explain this behaviour :
Spin fluctuations or paramagnons in a narrow band with strong exchange interactions [66] . These fluctuations lead to a logarithmic term in the low temperature specific heat, i.e. to a positive curvature of CIT against f (T 2). But, from a numerical point of view, the measured specific heat of (UO.25Tho.75)S does not fit well the theoretical formula of ref. [66] . This is not surprising since this logarithmic term is strongly reduced in the case of alloys [67] , and thus has not been encountered in Pd-Ni alloys [63] where the paramagnon theory should apply best.
Superparamagnetic clusters fluctuating against anisotropy [65, 68] . This leads generally to a constant Einstein specific heat in a range of temperature around 4 K [69] . We In the absence of more extensive information, it is difficult to say if these magnetic clusters which probably contributed largely to magnetic susceptibility below 180 K [15] are due to micro segregation or imperfect diffusion. One must remember that such clusters can arise in a completely random solid solution, because of statistical fluctuations of concentration, and polarization effects [61] .
In conclusion, the existence of magnetic clusters seems to explain the increase of C/T at low temperature in (UO.25 Tho.7s)S, but not the large y value (cf. § 8.4).
INTERPRETATION OF THE MAXIMUM OF y AT THE
CRITICAL COMPOSITION Xc, ~ 0.43. -As in the case of the solid solution U(C1-xNJ [19] , three possible explanations may be given : -Maximum of the density of states at the Fermi level. Substituting U to Th atoms in ThS, one introduces 5f virtual bound states which increase y. If the uranium content is sufficiently large (&#x3E; 5 %), one must rather speak of a hybrid 5f-6d band. The exchange field which appears for x &#x3E; 0.43 partially splits the spin-up and spin-down bands on both sides of the Fermi level, hence the decrease of density of states.
Coupling between the 5f-6d band electrons and paramagnons, leading to an increase of the electronic effective mass at the Fermi level, as we have seen § 8 . 3.
These paramagnon effects are maximum at the critical concentration for ferromagnetism threshold.
Existence of a purely magnetic yT contribution to the specific heat, if a significant number of uranium sites see a symmetrical (positive, negative, and null) and continuous distribution of small molecular fields.
But this has been justified only in the case of an Ising model [70, 71 ] . The specific heat of superparamagnetic clusters (cf. § 8-3) also contributes to y [69] but we have calculated this contribution as being a factor 10 smaller than the measured y.
9. Specific heat measurements between 10 and 300 K. -These measurements, made on ThS, (U 0.61 Tho.39)S, and (lJ 0.82 Thû.ls)S are shown in figure 6 and [44] electrical resistivity and magnetic susceptibility measurements on samples with low uranium content (0.01 x 0.15) : the thermal variation of magnetic susceptibility, x = xo + CI(T + 0p) with opp N 150 K, discards the simple 5f 1, 5f 3, 5f 4 configurations which all predict pure Curie susceptibility x = CIT in the dilute uranium limit. On the contrary, the results presented in the present paper, as well as those performed on low uranium content samples suggest a non magnetic ground state for uranium dissolved in ThS. This could be due to the combined crystal field and spin-orbit coupling acting on a localized 5f 2 configuration, or to a sufficient hybridization of 5f levels with the s-p-d conduction bands.
Sufficient interaction between uranium atoms results then in the threshold of localized moments : this may be due to chemical environment effects (modifying the density of states of 5f virtual levels) and/or to interatomic exchange which exists in both the localized and itinerant 5f models. Fig. 9 and ref. [44] ).
He. 9. -Electrical resistivity of (D x Th1-x)S (from ref. [14] ).
2) We want now to discuss the possibility of interconfiguration fluctuations (ICF) such as those proposed by Hirst [78] and Sales and Wohlleben [79] for rare earth compounds. This model was used to analyze the XPS spectra of the thulium compounds TmSe and TmTe, where the lines corresponding to the 4f 12 and 4f " configurations are found side by side [80] . On the contrary, in TmSe, inelastic neutron scattering did not reveal the excited crystal-field levels [81] , probably because the ICF are faster than the characteristic inverse frequency of a thermal neutron (but not of an X-ray photon); this,could explain the absence of crystal-field levels in the neutron measurements on US. In principle, the ICF model could apply to uranium, because the difference in energy between the 5f 2(6d 7s)', 5f 3(6d 7s)' and 5f 1(6d 7s)' configurations is only of the order of 1 eV in the free atom [82] and may be reduced in the compounds; in US or (UxTh1-x)S, the ICF should be between 5f2 and 5f 3 or 5f2 and 5f 1 : the fundamental state is 5f 2 (see § 2.2) rather than 5f 3 as in the free atom, because the gain in binding energy is larger than the energy cost of the promotion 5f -6d.
Nevertheless, if an interconfiguration model qualitatively explains certain physical properties of US and (U;xTh1-x)S such as the finite magnetic suscepti-bility at T = 0 K for x 0.43, we have some doubts upon its effective applicability to these compounds.
First, the main interest of the ICF description (versus the virtual bound state description) of the resonance between localized 5f configurations and the conduction band is its capability of taking into account the detailed structure of the f" configurations; this of course occurs only if the broadening of the levels by the (s, p, d)-f interactions is smaller than the multiplet or crystal-field splittings and is probably not the case in uranium sulphides: the 6d-5f or 3p-5f matrix ele--ments of the crystal potential between atomic orbitals on neighbouring sites are much larger (-0,I to 0.5 eV [28] ) than in rare earth compounds, suggesting that the 5f sharp levels loose their individuality.
Second, ICF models predict often an anomalous thermal expansion due to the change with temperature of the population between the two considered configurations; this is not observed in uranium compounds such as US [29] . On the other hand, ICF models do not explain the residual resistivity and electronic specific heat maxima at the critical composition for ferromagnetism xc = 0.43.
Third, one should insist upon the fact that the observed magnetic susceptibility of mixed-valence rare earth compounds has been justified by the ICF model in a phenomenological way only [79] , and that the quantitative demonstration of this behaviour is given starting from the Friedel-Anderson virtual bound state (VBS) model [83] . The relative validity of ICF and VBS models has been recently discussed by Hirst [84] and by Coqblin et al. [85] .
3) In conclusion, we think that a virtual bound state approach in the Friedel-Anderson sense, or a narrow band model (Hubbard) is more appropriate for uranium compounds such as (UxTh1-x)S. A similar conclusion has been reached recently for the compound CeAl3 [86] .
In the dilute uranium (U x Th1 -x)S alloys, the concentration and thermal variations of electrical resistivity is well described by non-magnetic 6-fold (5f, j = 5/2) virtual bound states occupied by two electrons in order to satisfy the Friedel sum rule. The spin fluctuation temperature is about 150 K [44] .
For rich uranium content alloys, a narrow 5f band description in a CPA model with strong hybridization to the 6d bands should be preferred. One may then understand the ultraviolet photoemission measurements on US [9] and the strong value of the electronic specific heat y T, maximum Fig. 9 ) because the scattering there becomes more and more coherent and because the spin-up and spin-down 5f states become split apart from the Fermi level.
The resistivity minima observed around 400 K for the non-ferromagnetic samples ( [15] and Fig. 9 ) are explained by a decrease of this resonant scattering with increasing temperature : this is due to the broadening of the Fermi distribution in the narrow f virtual bound state and is enhanced by spin fluctuations [44] . The spin-fluctuation model is now generally considered as being equivalent to a high temperature Kondo model [87] . For a Kondo effect to occur, the 5f state must be a virtual bound state, mixed with the conduction band, the exchange coupling between the localized spin and the conduction electron spin being antiferromagnetic (this is the case for (UxThl _x)S, see § 6).
Although crystal-field levels were not observed by neutron scattering, the shallow resistivity maximum observed around 300 K for (UO.8Tho.2)S may indicate that the crystal-field structures of the f" configurations are not completely wiped out by mixing with conduction electrons : the characteristic inverse frequency of a conduction electron is of course much shorter than that of a neutron. This analysis must be considered with caution, because, no resistivity maximum is observed at low uranium content [44] . Nevertheless, coexistence of Kondo effect and crystal-field splitting are thought to occur in CeAl2 and to give rise to a complicated resistivity versus temperature behaviour [77] .
Finally, one should remark that between x ~ 0.20 and 0.43 the magnetization is inhomogeneous and superparamagnetic effects are observed in the low temperature specific heat; this may mask occurrence of mictomagnetism or spin-glass behaviour [76] in this. composition range.
12. Conclusion. -Our study of magnetization, specific heat and neutron scattering, following the electrical resistivity and magnetic susceptibility measurements of Griveau et al. [15] , has shown that the critical concentration for appearance of low temperature ferromagnetism in the (U x Th 1 -x)S alloys is xc = 0.43. We have tried to understand the electronic structure of these alloys by comparing them to simple models.
We have been able to discard purely localized 5f" configurations, although the 5f 2 explains many pro-perties of these compounds. A 5f virtual bound state model for dilute uranium alloys, and a narrow 5f-6d hybrid band model for rich uranium alloys were preferred to interconfiguration fluctuation models. Spin fluctuations seem important. Of course, experiments such as the magnetic form factor measurement in US by Wedgwood [5] should be reanalyzed with hybridized f states, but a correct knowledge of the band structure is then needed.
We are working presently on dilute solutions of U, Np, Pu in ThS, ThSe, ThTe [44] in order to improve our description of actinide impurities in terms of 5f virtual bound states. High pressure experiments are planned. A detailed study of the behaviour of the (Ux Th1-x)S system around the critical composition for ferromagnetism Xc = 0.43 will be also undertaken.
